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DONALD DUNGWORTH, DVM, PhD:* The heightened con-

temporary interest in the toxicity ofphotochemical oxi-
dants has led to many investigations with animals. These
studies, in which animals are experimentally exposed to pre-

cisely measured concentrations of ozone or nitrogen dioxide
(NO2) alone, in combination or as part ofa mixture of pollut-
ants, have provided important information on the conse-

quences of short-term or prolonged exposure to these agents.

This discussion focuses on morphologic delineation of the
damage caused by photochemical oxidants.

Morphologic Effects of Photochemical Oxidants
on Lungs of Experimental Animals
Short-term Effects of Ozone

Depending on the ozone concentration, the short-term
(less than 24-hour) pulmonary effects of exposure to ozone

range from mild centroacinar inflammation at concentra-
tions of 0.1 to 0.2 ppm'4 to death from pulmonary edema at
concentrations above 4.0 ppm; the precise lethal concentra-
tion varies with species and duration of exposure.5.6 Because
the highest one-hour ozone concentration measured in Los

Angeles between 1958 and 1977 was 0.65 ppm,7 this discus-
sion is limited to morphologic effects produced by ozone at

concentrations of less than 1.0 ppm. Also, because ultravi-
olet absorption photometry is now accepted as the standard
for calibrating ozone-measuring instruments, literature
values based on potassium iodide calibration curves have
been reduced by 80% to provide equivalent ultraviolet pho-
tometric concentrations.s

The most severe effect of ozone in all animal species that
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have been studied occurs in the centroacinar region of the
lung forming the junctions between airways and alveoli.91'4
At ozone concentrations of0. Ito 0.2 ppm, damage is limited
to this region.23 Because the structure of the centroacinar
region, varies with species, differences occur in the exact site
of the lesion. In rats, which do not have respiratory bronchi-
oles, the lesion is in the terminal bronchioles and proximal
alveolar ducts.10.12,13 In monkeys, the lesion mainly affects
the proximal orders of respiratory bronchioles.3'14 Because
the degree of development of respiratory bronchioles in
monkeys more nearly resembles that in humans,"5 this is
most likely the site of principal damage in human lungs.
Another feature more readily appreciated in monkeys than in
rodents is that the trachea and proximal bronchi are more

affected than the distal bronchi, though less so than the respi-

ratory bronchioles. This observation is in agreement with
mathematical models of airway transportation and uptake of
ozone. 16

The early centroacinar response to ozone has been well
characterized in rats1317-8 and in monkeys.15 In rats, alve-
olar type I cells in proximal alveoli are most sensitive to
damage. These cells become necrotic and slough within six

hours after exposure to 0.4 ppm of ozone. The denuded
alveolar basemernt membranes are covered by spreading and
proliferating alveolar type II cells, which are highly resistant
to damage from ozone. Ciliated cells are also sensitive,
losing their cilia by two hours after exposure to 0.14 ppm of

ozone. Nonciliated secretory bronchiolar (Clara) cells are

less affected and, in fact, proliferate to compensate for the

loss of ciliated cells by serving as their progenitors.1''9 In-

flammatory cells, mostly macrophages, appear in the lumen

of affected bronchioles and alveolar ducts by six hours after
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ABBREVIATIONS USED IN TEXT
EPA= Environmental Protection Agency
FEV, =forced expiratory volume in 1 second
NO2 = nitrogen dioxide

the start of an ozone exposure of 0.4 to 0.7 ppm and increase
in number through 48 hours when exposure is continued.'3
The early replacement of ozone-sensitive alveolar type I
epithelial cells and ciliated bronchiolar cells by alveolar type
II and Clara cells is referred to as the "reparative adaptive"
period'3 and is a basic pulmonary response to injury. In
rhesus monkeys, an analogous sequence of events occurs in
the respiratory bronchioles; the net effect is that after 50
hours of exposure to 0.64 ppm of ozone, hyperplastic and
hypertrophic bronchiolar epithelium and many adherent al-
veolar macrophages and polymorphonuclear leukocytes are

present.4 Lesions in major airways are less dramatic than
those in centroacinar regions, and damage to ciliated cells is
the main change in monkeys3'14 and in rats.1 Thus,
short-term exposure to ambient levels of ozone is clearly
capable of causing morphologic abnormalities in rats and
monkeys and, therefore, similar injury is likely in humans.

Intermediate to Long-term Effects of Ozone
Exposure of rats, guinea pigs and hamsters to approxi-

mately 1.3 ppm ofozone, 6 hours a day, 5 days a week over a
period of 14 months produces lungs with chronic centroa-
cinar pneumonitis and emphysema.20'21 Exposure of rats to
more relevant levels of ozone (0.16, 0.4 or 0.64 ppm, 8
hours a day, for as long as 90 days) provokes centroacinar
inflammation, the intensity of which diminishes as the dura-
tion of exposure is prolonged.22 This decrease in intensity is
indicated by a reduction in the number of intraluminal mac-
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Figure 1.-A, Scanning electron micrograph of centroacinar region in lung of rat exposed eight hours a day for seven days to 0.64 ppm of ozone.
Abundant alveolar macrophages accumulate in the region of the rudimentary respiratory bronchiole. B, A similar region in a rat exposed to 0.64
ppm ozone for 90 days. The number of macrophages is reduced compared with that of a seven-day exposure, but the alveolar ducts have
undergone remodeling. Field width, 250 microns.
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Figure 2.-A, A scanning electron
micrograph of normal respiratory
bronchiole of a bonnet monkey. The
bronchiolar wall is lined by clusters
of cuboidal cells interspersed
among type I pneumonocytes. B,
Bronchiolitis caused by exposure of
bonnet monkeys to 0.64 ppm ozone
8 hours a day for 90 days. Aggre-
gated inflammatory cells are promi-
nent in alveolar openings and there
is hyperplasia of cuboidal bronchi-
olar epithelium. Field width, 450
microns.
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PHOTOCHEMICAL AIR POLLUTION-PART 11

rophages and in the thickness of the blood-air barrier of
proximal alveoli. After daily exposures to 0. 16 ppm ofozone
for 90 days, pulmonary morphology is essentially the same
as in controls. At 0.64 ppm, the lesion persists but with less
evidence of inflammation and epithelial damage than was
present during the first 7 to 20 days of exposure. An addi-
tional abnormality of importance is the permanent remod-
eling of a portion of the centroacinar region to a respiratory
bronchiole (Figure 1). Similar changes are found in lungs of
rats exposed continuously to 0.4 ppm of ozone for 180
days.23 Thus, prolonged exposures to ozone result in inflam-
mation and interstitial fibrosis in centroacinar regions and
some increase in total lung volume. Even though total lung
volume is increased, however, the pathologic changes
cannot be classified as emphysema.

Daily exposure of bonnet monkeys (Macaca radiata) for 8
hours to 0.4 or 0.64 ppm of ozone for 90 days also results in
diminished bronchiolar inflammation at the later times.24 The
hypertrophy and hyperplasia of the bronchiolar epithelium
are maintained, but the amount of fibrosis is minimal (Figure
2). After one year of exposure to 0.64 ppm of ozone for eight
hours a day, the lungs of bonnet monkeys show a chronic
bronchiolitis that is only slightly more severe than that noted
at 90 days; they also show a greater number of inflammatory
cells and narrower bronchiolar lumens.25 These more severe
abnormalities account for the small but significant increases
in airway resistance and the corresponding decreases in
forced expiratory volume in one second (FEV1) observed
after one year ofexposure.26

Effects of Nitrogen Dioxide
Experiments with a wide variety of animals indicate that

exposure to very high levels of NO2 is required to produce
death.2728 In mice, rats or guinea pigs, the threshold level of
mortality following a one-hour exposure to nitrogen dioxide is
40 to 50 ppm.27 Rabbits and dogs are more resistant,27 as are
monkeys, which survive exposures of eight hours to 65 ppm
of NO2.28 Brief exposures to high concentrations of NO2 are
much more toxic than equivalent exposure to low concentra-
tions of the pollutant for prolonged periods.

Lesions occur primarily within the lung in animals ex-
posed for less than 24 hours to high levels of NO2.27 All
species have varying degrees of vascular congestion, edema,
bronchiolitis and parenchymal inflammation.2813' Short-term
exposure to nearly ambient concentrations of NO2 (2 to 3
ppm) does not result in serious canine or murine morphologic
abnormalities.3132 At these concentrations, ultrastructural
and scanning electromicroscopic studies show losses of cilia,
swelling and disruption of type I alveolar cells, fibrin deposi-
tion along basement membranes and influxes of macro-
phages.31 32 These lesions are transient, and if the insult is
discontinued, the damaged tissue is repaired. These and sim-
ilar results indicate that exposure to nearly ambient concentra-
tions of NO2 does not provoke pulmonary lesions of the type
induced by ambient concentrations of ozone. In fact, it is
generally stated that short-term exposure to NO2 is 1/10th to
1/20th as toxic as to ozone."`

All animal species studied survive continuous exposure of
a year or more to levels of NO2 of at least 0.5 ppm.36-41 Mice
survive exposure to 0.5 ppm for 12 months,36 rats survive 0.8
and 2.0 ppm for a lifetime,3738 dogs survive 5.0 ppm for 15

months,39 squirrel monkeys (Saimiri sciureus) survive 1.0
ppm for 16 months40 and stump-tailed monkeys (Macaca arc-
toides) survive 2.0 ppm for 2 years.41

Prolonged exposure to ambient concentrations of NO2
does not appear to cause significant morphologic damage.
The lungs of mice, the species most susceptible to nitrogen
dioxide-induced injury, show changes consisting of short-
ening of cilia, edema and proliferation of alveolar epithelial
cells following one-month exposure to 0.5 ppm of NO2.42 The
lungs of rats exposed for their entire lifetime to 0.8 or 2.0 ppm
of NO2 show only ciliary loss, epithelial hypertrophy and
"cytoplasmic blebbing."37'38 Similarly, the lungs of stump-
tailed monkeys exposed for 14 months to 2.0 ppm of NO2
show only hypertrophy of bronchiolar epithelium.43 Evi-
dence that NO2 might not be as innocuous as these reports
indicate, however, is the finding of mild but functionally de-
tectable emphysema in the lungs of beagles exposed 16 hours
a day for 68 months to a combination of 0.63 ppm NO2 and
0.25 ppm nitrogen oxide with morphologic evaluation after
an additional three years in clean air.44 When animals are
exposed long term to much higher concentrations ofNO2 (8.0
ppm and higher), destructive changes in alveolar walls and
abnormal enlargements of distal air spaces occur, which re-
semble emphysematous lesions in humans.45147 Because ofthe
high concentrations used in these experiments, the results
cannot be extrapolated to NO2 exposures in humans.

Morphologic Aspects of Adaptation
The term adaptation refers to several different aspects of

ozone-induced effects: reduction of airway irritability re-
sponses in human volunteers exposed sequentially, protection
of experimental animals against death from acute pulmonary
edema and alteration of the time course of centroacinar in-
flammation in experimental animals. Anatomically, the
long-term effects of ambient levels of ozone are limited to the
centroacinar regions in animals and there is reason to expect
that this is the case in humans. Adaptation of importance
relative to the risk of long-term effects in humans must be
analyzed in terms of cellular changes in this highly vulnerable
centroacinar region. Evidence has been presented that the
intensity of centroacinar inflammation diminishes during
daily exposures to 0.64 ppm of ozone in rats over a period of
180 days22 23 and in bonnet monkeys over a year.2425 At lower
levels (0.16 ppm) of ozone, inflammation almost disappears.
Thus, adaptation is a transient response to persistent injury,
and maintenance of the adaptive state requires continuous or
frequently repeated exposure to ozone.48 Although the patho-
physiology of the adaptive state in which sensitive cell types
are replaced by resistant ones is unknown, the effect is protec-
tive in that the rate of cumulative damage is less than it would
be without adaptive changes. Thus, adaptive changes reduce
the intensity of bronchiolitis, thereby diminishing the extent
of permanent injury produced by a smoldering lesion.

In summary, extensive morphologic investigations have
been carried out in animals of short-term and long-term expo-
sures to ozone and nitrogen dioxide. These studies have
shown that short-term exposure to ambient concentrations of
ozone produces cellular changes and subtle structural abnor-
malities in pulmonary centroacinar regions of rodents and
nonhuman primates; prolonged continuous exposures for up
to one year to peak ambient levels affect the same regions,
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producing mild bronchiolitis and interstitial fibrosis. Because
these lesions are associated with only small physiologic dis-
turbances in nonhuman primates, uncertainty exists regarding
the importance of the lesions detected at lower levels of expo-
sure. Ascertaining the importance of these oxidant-induced
lesions is an area for future investigation. Similar studies of
animals exposed to ambient levels of NO2 do not show mor-
phologic abnormalities, regardless ofthe length ofexposure.

Effect of Photochemical Oxidants on
Susceptibility of Animals to Pulmonary Bacterial
Infection
ELLIOT GOLDSTEIN, MD: * Recognition of the association be-
tween exposure to ozone or NO2 and the development of
respiratory infection has resulted in the use of animal models
of infection to evaluate this pathophysiologic relation-
ship.49 50 As a surrogate for the process in humans, animal
models that show the physiologic interaction between bac-
teria and host antibacterial defense systems have a number of
virtues that provide bases for extrapolation. Animal and
human antibacterial defenses consist ofan aerodynamic filtra-
tion system, transport mechanisms for removing bacteria,
phagocytes (alveolar macrophages and, when required, poly-
morphonuclear leukocytes) and immune secretions of lym-
phocytes and plasma cells. In rodents and humans, these
components act in concert to maintain the lung free of bac-
teria.49-52

The aerosol model in which rodents inhale bacteria and in
which measurements are made of rates of physical removal
and intrinsic bacterial killing permits testing of the aforemen-
tioned components as well as the entire antibacterial sys-
tem.4950 When this rodent model is used, the animals are
exposed for variable periods to different concentrations of
photochemical oxidants, and decreases in antibacterial ac-
tivity reflect quantitative impairments in function. Because of
the similarities of human and rodent defense systems, im-

*Chief, Division of Infectious and Immunologic Diseases, Department of Internal
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pairments observed in rodents presumably occur in humans,
and although quantitative dose-response extrapolations
cannot be made from the rodent data, qualitative conclusions
are justified. That is, the identification of a pollutant-induced
defect, such as an inability of alveolar macrophages to kill
inhaled bacteria or a delay in mucociliary clearance, indicates
that the abnormality may be expected in human exposures.

When mice are infected with Staphylococcus aureus and
then exposed for five hours to increasing concentrations of
ozone beginning at 0.62 ppm, the ability of the alveolar mac-
rophage to eradicate the invading microbe is progressively
impaired.53 This abnormality is due primarily to diminished
intercellular killing of ingested microorganisms and second-
arily to reduced rates of ingestion.54 As a result of these
abnormalities, staphylococci that normally do not replicate
within alveolar macrophages proliferate, destroying the
phagocyte (Figure 3).54 55 When the same animal model is
used to study NO2, progressive impairments in bacterial
killing are first noted after a four-hour exposure to 7.0 ppm of
NO2, showing the lesser toxicity of this pollutant compared
with ozone.56 More prolonged exposures to NO2 produce
impairments in bacterial killing at lower concentrations (2.0
ppm), confirming the cumulative toxicity of NO2.56 At
threshold concentrations for inducing abnormalities in phago
cytic function, neither ozone nor NO2 causes serious impair-
ment in mucociliary clearance rates.53 57 58 Thus, both ozone
and NO2 can inhibit the capacity of alveolar macrophages to
maintain pulmonary sterility, thereby rendering the lung vul-
nerable to bacterial infection; moreover, consistent with pre-
vious conclusions, at nearly ambient levels short-term
exposure to ozone is much more toxic than is short-term
exposure to NO2.

Coffin and Blommer,59 Ehrlich,60.61 Gardner5" and
Gardner and Graham62 have extended these pathophysiologic
observations by developing a rodent model, often referred to
as the "infectivity model," linking interference with antibac-
terial activity to mortality. Instead of infecting rodents with
minimally virulent staphylococci, these investigators expose

Figure 3.-Two large clumps of
staphylococci that appear to be
growing out from unidentified cells of
the pulmonary alveolar region. The
specimen is from a rat exposed to
2.5 ppm of ozone for four hours.
(Brown-Brenn stain, reduced from
magnification x 2,200.) (Repro-
duced with permission from Gold-
stein et al.54)
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the animals to highly virulent group C streptococcil9 62 or
Klebsiella species60'61 before or following pollutant exposure.
When these pathogens are used, the pathophysiologic alter-
ations in antibacterial defenses induced by the pollutant result
in bacterial proliferation and excessive mortality. These in-
vestigations have shown that two-hour exposures to ozone
concentrations as low as 0.1 ppm increase murine mortality
from group C streptococcal infections59 and that exposure to
NO2 concentrations as low as 3.5 ppm increases murine mor-
tality from klebsiellal infections.6' The infectivity model has
also been used to show that one- to two-hour exposures to
much higher concentrations (5 to 25 ppm and 50 ppm) ofNO2
are required to kill infected hamsters and squirrel monkeys,
emphasizing the differences in susceptibility to pollutant tox-
icity among species.63 Thus, results with aerosol models of
infection show that short-term exposures to ambient levels of
ozone but not NO2 impair normal pulmonary antibacterial
defenses by interfering with the capacity of alveolar macro-
phages to kill inhaled bacteria and are associated with in-
creased mortality. Furthermore, insofar as these results can
be applied to humans, they suggest that short-term exposures
to ambient levels ofozone may adversely affect the function of
human alveolar macrophages.

Long-term Effects ofNO2
The few studies in which the effect of prolonged exposure

to ozone or NO2 on murine capacity to survive aerosol chal-
lenges with virulent group C streptococci or Klebsiella pneu-
moniae has been assessed have shown pollutant-induced
increases in mortality similar to those observed in short-term
studies.6465 Mice exposed to peak daily doses of 0.2 ppm of
ozone or 0.94 ppm of NO2 for three hours per day have
increased mortality when challenged with group C strepto-
cocci following six but not three months of exposure.64 The
threshold level for NO2-induced mortality in the infectivity
model is in the range of 0.38 ppm of NO2, which did not
produce increased mortality following nine months of contin-
uous exposure (group C streptococci),64 and 0.50 ppm, which
caused increased mortality after three months of continuous
exposure (Kpneumoniae).65 When exposures are to both pol-
lutants, an additive effect is sometimes observed.64'6667
Viewed in relationship to ambient concentrations of ozone
and NO2, these results are in accord with previous findings
that ambient levels of ozone but not NO2 impair pulmonary
systems.

In the above studies healthy animals were used that were
infected before or following the pollutant exposure. Because
humans with underlying pulmonary infections may be espe-
cially vulnerable to oxidant-induced injury, animal models
with chronic infections are needed to assess the role of photo-
chemical oxidants as an aggravating insult.6869

We recently tested the effect of a four-week exposure to
0.64 ppm of ozone in one such model in which a smoldering
Pseudomonas infection was produced by intratracheally in-
stilling Pseudomonas-containing agar beads.70 Although the
pollutant caused anatomic damage, the infection itself was
unaffected, indicating that the pollutant does not inhibit anti-
bacterial defenses when infecting bacteria are confined within
granulomas. Future studies with animal models mimicking
nongranulomatous bronchial infections, such as those pro-
duced by Legionella pneumophila, are needed to further de-

fine the effect of long-term exposures to ambient levels of
photochemical oxidants on a chronically infected lung.

In addition to potentiating infection, photochemical oxi-
dants may act as mutagens.71-74 Chromosomal changes have
been reported in circulating lymphocytes of Chinese hamsters
following five-hour exposures to 0.2 ppm of ozone73 and in
lymphocytes from humans exposed for six to ten hours to 0.5
ppm of ozone.74 However, in other studies carried out in
nearly identical fashion in mice and humans, cytogenetic
damage was not detected.75'76 Because of these conflicting
results, the mutagenic potential of ozone for animal cells is
unproved. When compared with known mutagens like ultra-
violet light and x-rays in eukaryotic systems, ozone acts as a
weak mutagen, suggesting that the genetic risk, if it occurs, is
small.77

NO2, by virtue of its capacity to form nitrites, can convert
secondary amines to carcinogenic nitrosamines.78 Iqbal and
co-workers reported that microgram amounts of N-nitroso-
morpholine were produced in mice gavaged with morpholine
and then exposed to 0.2 to 50 ppm of NO2 for four hours.79
These results were confirmed by van Stee and colleagues,80
who have also shown a marginally significant increase in the
incidence of pulmonary adenomas in CD- I mice exposed to 1
to 2 ppm of NO2 for 6 hours daily, 5 days per week for 30
weeks while ingesting morpholine from drinking water.81
Because of the artificial conditions of these experiments and
because malignant tumors have not been observed in mice or
hamsters exposed to 4.0 ppm of NO2 for as long as 16
months, the biologic significance of these controversial
studies is uncertain.82'83 This is an active area of research in
which future studies should result in more definitive conclu-
sions of the carcinogenic potential of nitrogen dioxide.

In summary, studies of the effect of short-term exposure to
ambient concentrations ofozone in rodent models of infection
show that the pollutant inhibits the capacity of alveolar mac-
rophages to Fill intrapulmonary bacteria and that virulent
bacteria proliferate and kill the host as a result of this abnor-
mality. Whether these adverse effects occur in humans is
unknown, but because infection is a conceivable consequence
of exposure to ambient concentrations of ozone, this adverse
effect is of potential importance. NO2 also inhibits the ability
of alveolar macrophages to kill inhaled bacteria. This pol-
lutant, however, is less toxic than ozone, requiring exposure
conditions much above ambient levels. Studies of the muta-
genic and carcinogenic potential of these pollutants show that
ozone is a weak mutagen in eukaryotes and that its mutage-
nicity for human cells is uncertain. NO2, in experimental
situations differing significantly from environmental condi-
tions, reacts with secondary amines to form potentially car-
cinogenic nitrosamines. The significance of these observa-
tions for human exposure is unknown.

Cost-Benefit Estimates for Controlling
Photochemical Oxidant Pollution
PAOLO F. Ricci, PhD: * Because photochemical oxidant pollu-
tion is a humanmade problem, it is readily controlled by re-
ducing emissions from mobile and stationary sources. This
salient fact is the basis for the Clean Air Act requirement that
primary national ambient air-quality standards be determined

*Project Manager, Electric Power Research Institute, Palo Alto, california, and
Adjunct Professor of Environmental Management, University of San Francisco.

APRIL 1985 * 142 * 4 527



PHOTOCHEMICAL AIR POLLUTION-PART II

solely as a function of health risk. (In analyzing the National
Ambient Air Quality Standards provision, the Supreme Court
held that "claims of economic or technological infeasibility
may not be considered by the Administrator in evaluating a
state requirement that primary ambient air quality standards
be met in the mandatory three years."84) To accomplish this
objective, the Environmental Protection Agency (EPA) estab-
lished standards for photochemical oxidant and nitrogen di-
oxide on health-risk assessments alone and then promulgated
regulations to achieve these standards. Specifically, NO2
emissions that averaged more than 3 grams per mile in gaso-
line-powered automobiles in the 1970s were limited to 2
grams per mile in 1980 models and to less than 1 gram per
mile in present models.85 Allowable NO2 emissions from
fossil-fuel power plants, which had increased from 5.8 to 6.8
million metric tons per year from 1970 to 1978,86 were set in
the most recent source-performance standards at 0.5 to 0.8 lb
per million British thermal units, depending on the type of
coal."8 Because these regulations were designed to maximize
protection, they were costly but consistent with the intent of
the mandate ofthe Clean Air Act.

However, as we have become aware of the finite nature of
our resources, the policy of eradicating risk to the greatest
extent possible has been declining in popularity, and consider-
ations of societal benefit versus societal cost have replaced
demands for a technologically risk-free society.88 Accord-
ingly, in decisions involving environmental control, the bene-
fits of control strategies are now weighed against the
economic impact on transportation and energy industries. In
the following discussion I will review economic information
on the cost-benefit balances involved in these photochemical
oxidant and NO2 issues.

In recent years, the cost of reducing nitrogen dioxide
emissions of mobile and stationary power plant sources has
been assessed economically.89'90 According to figures re-
leased by the EPA, the annual cost for mobile-source pollu-
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tion control was slightly less than $6 billion in 1977 and
represented 0.25% of the 1977 gross national product.89 In
future years, if the strictest standards of the Clean Air Act
particularly the NO, standard of 0.4 gram per mile-are en-
forced, the annual cost will reach $11 billion.90 As an ex-
ample of individual costs, automobile purchasers paid an
extra $480 for emission control equipment to achieve the
nitrogen dioxide standard of 1.0 gram per mile on 1981 mod-
els.85 Additional annual expenses were incurred in lessened
fuel economy, which in 1977, when gasoline was $0.35 a
gallon, averaged $13.70, and maintenance, which for the
same year averaged $7.50.9' These costs allow a 94% reduc-
tion in emissions from the 1960 level and, as is shown in
Figure 4, further reductions in nitrogen dioxide emissions
will be even more expensive, owing to the exponential in-
crease in cost.

The investment cost to the fuels and energy industry in
reducing air pollution is estimated at $3 billion per year for
the period 1977 to 1981. The removal of sulfur oxides and
particulates with nitrogen dioxide accounts for approximately
$300 million of the annual estimate. The $300 million repre-
sents $5 to $10 per kW of installed capacity, which is less than
1 % of the total cost of the electricity generated.92 These costs
apply for the least expensive, low NO2 burner, abatement
technologies. More expensive technologies, like flue gas de-
nitrification, have a capital cost of$35 to $45 perkW installed
capacity, which is 4% to 8% ofthe total cost of the generated
electricity.92 Newer methods such as the Hitachi-Zosen
system, which uses a postcombustion process to achieve a
90% efficiency in removing NO2, are even more costly,
ranging from $65 to $95 per kW installed capacity.93 Thus, if
further reductions in stationary-source emissions of NO2 are
demanded, in the absence of improved technology, the ex-
pense is likely to increase considerably.

As is apparent from the previous discussions of the health
effects of photochemical oxidants, the benefits obtained by

0
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Figure 4.-Cost-control relationship for nitrogen dioxide. (Modified
from Schwing et al9' by the gross national product price deflator
[1 970 = 91.4; 1 983 = 21 3.4, first quarter].)
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reducing NO2 emissions are fraught with uncertainty. Most
analysts have assumed that mortality and morbidity are conse-
quences of exposure to ambient levels of photochemical oxi-
dants.90'91 When these assumptions are used, the benefits of
total abatement of NO2 pollution vary between $183 million
and $1.6 billion for mobile-source emissions in some studies
to as much as $1.5 to $5 billion in other studies, which in-
cluded material damage.94 Assessing stationary-source bene-
fits from eliminating NO2 emissions is even more uncertain
because of the role of other pollutants like sulfur dioxide,
particulates and carbon monoxide.95 Benefits from preventing
agricultural losses due primarily to ozone are estimated to be
$100 million per year in the south coast air basin of Cali-
fornia, an area with high photochemical pollution and high
agricultural production.96 Nationwide benefits are estimated
to be $278 million (EPA, unpublished data, cited by Leung
and co-workers96).

Although considerable uncertainty exists in determining
the cost-benefit relationships, some experts consider the costs
in controlling photochemical oxidants to exceed the bene-
fits.90'91 97 The annual costs computed by these economists for
controlling mobile-source emissions are upwards of $5 billion
per year, an amount in excess of their estimates of benefit.
However, intangible nonmarket benefits such as diminished
sensory discomfort and annoyance and increased pleasure
from the enjoyment of a cleaner environment are not included
in these estimates.91 Much of the public is willing to pay for
these intangible benefits, and in recent years this number has
increased, so that those nonmarket benefits are assuming in-
creased importance.

Summary
ELLIOT GOLDSTEIN, MD: Several conclusions can be drawn
from the preceding presentations. First, results from volun-
teer studies, epidemiologic investigations and animal experi-
ments show similarities in threshold for ozone-induced photo-
chemical oxidant effects. Short-term exposures to levels of
0.3 ppm or greater are clearly detrimental to health, causing
respiratory symptoms and diminished ventilatory function.
Exposure to lower levels (0.12 to 0.3 ppm), which occur
often in heavily polluted areas like the Los Angeles basin, are
associated with a higher prevalence of respiratory symptoms,
impairment in exercise tolerance and possible increases in
incidence of asthmatic attacks and reductions in ventilatory
function. Although animal models suggest that these levels
enhance susceptibility to infection, no data from studies in
humans support such an occurrence. Exposure to lower con-
centrations of ozone does not cause disease, dysfunction or
discomfort, even in hypervulnerable populations. Thus, the
present standard of0.12 ppm of oxidant for a one-hour period
is at or beneath the probable-effects level for photochemical
oxidant injury. The margin of safety, however, is small, and
future studies may show that some persons are vulnerable to
injury from 0.12 ppm ofozone.

Second, the available information indicates that discom-
fort and impairment during athletic activities are the likeliest
consequences of short-term exposure to oxidant concentra-
tions at the present 0. 12 ppm standard. Athletes in competi-
tions requiring strenuous activity, such as bicycle riding or
distance running, may not do as well when photochemical
oxidant levels reach 0.12 ppm. Because we are a sports-

minded country, a deleterious effect ofthis kind has enormous
social importance.

Third, because of the paucity of epidemiologic data corre-
lating prolonged exposure to photochemical oxidants with
disease, dysfunction and discomfort, the risk for populations
living in heavily polluted areas is uncertain. Studies do not
show an increase in disease incidence or enhancement of un-
derlying pulmonary illnesses as a result of pollutant exposure.
Small reductions in ventilatory function and increased inci-
dence in self-limiting respiratory symptoms are possible con-
sequences of such exposures, but definitive proof is lacking.
This lack of effect from exposure to ambient levels of photo-
chemical oxidants agrees with results from studies in animals
showing only modest cellular defects following similar expo-
sures. However, because of the importance of definitively
determining the risk to humans from long-term exposure to
photochemical oxidants, attaining conclusive epidemiologic
data should be a major goal of health agencies. The magnitude
of the health and economic considerations involved in estab-
lishing standards for photochemical oxidant exposures man-
dates that despite their difficulty, epidemiologic studies
should be concluded within this decade to determine the risk.

Fourth, an abundant body of evidence from studies with
volunteers, exposed populations and animal models indicates
that short-term exposures to ambient levels of NO2 do not
cause disease in healthy persons or aggravate underlying pul-
monary diseases. Short-term exposures to high ambient levels
of NO2 may provoke self-limiting symptoms reflecting respi-
ratory illness or irritation in children, but this association is
tenuous and inconclusive. Few reliable data exist for assessing
the effect on humans of prolonged exposure to high ambient
levels of nitrogen dioxide. Studies in children suggest that
permanent injury is not a consequence of these exposures, and
investigations with various animal models support the likeli-
hood that present levels of NO2 are innocuous insofar as the
respiratory system is concerned. One potentially hazardous
effect of NO2 is the capacity of the pollutant to form carcino-
genic nitrosamines in animals tested under highly artificial
laboratory conditions. The significance of these observations
awaits results from experiments done under realistic condi-
tions. Thus, at present, no definitive evidence exists linking
prolonged human exposure to ambient levels of NO2 to dis-
ease, dysfunction or discomfort, and, on the basis of current
knowledge, the annual standard of 0.05 ppm of NO2 is much
below the minimum-effects level.

Fifth, billions of dollars are spent annually to limit emis-
sions of NO2 from automobiles and industrial processes and
to control photochemical oxidant pollution. As a result of
these efforts, atmospheric levels of air pollution have not
worsened and in some areas they have diminished.98 This
improvement in air quality has undoubtedly benefited resi-
dents of these areas. Whether these benefits, which primarily
affect comfort and athletic ability, justify the present expense
or warrant greater or lesser expense is a complex regulatory
issue in which Solomon-like decisions are required to ensure
the safety and well-being of the populace while at the same
time allowing society to benefit from technology.
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